amino-terminal signal sequence, a 159-residue extracytoplasmic domain, a single 25-residue transmembrane region, and a 67-residue carboxyl-terminal cytoplasmic domain (Dahms et al., 1987; see Figure 1 ). The second MPR, the 275 kDa insulin-like growth factor II/cation-
ligand-binding sites of the two receptors.
# of nonhydrogen atoms 2621
To obtain insight into the mechanism by which these excluding water molecules receptors bind lysosomal enzymes with high affinity, we CD-MPR in the presence of Man-6-P and have deterMain chain 18.6 mined its three-dimensional structure at 1.8 Å resolution Side chain 21.5 by the multiple isomorphous replacement method. The
Man-6-P 22.1 structure of the CD-MPR surprisingly exhibits striking plex between the receptor and a lysosomal enzyme, c Riso ϭ ⌺||Fph| Ϫ |Fp||/⌺|Fp| for isomorphous replacement (iso) data.
␤-glucuronidase, which indicates that two separate oli- 
Results and Discussion
h Reflections in the resolution range between 10 Å and 1.8 Å (I Ͼ 2.0 consisting of the ligand-binding extracytoplasmic domain that has been modified to contain only a single N-glycosylation site, was generated ( Figure 1 ). This glyDescription of the CD-MPR Polypeptide Fold cosylation-deficient soluble form of the CD-MPR has
Expression of Recombinant Bovine CD-MPR
The three-dimensional structure of the CD-MPR was been shown previously to exhibit ligand binding properdetermined to 1.8 Å resolution (R factor ϭ 22.1% and ties similar to those of the wild-type receptor (Zhang and free R factor ϭ 26.1%). Data collection, phase determi- Dahms, 1993) . Asn-81/STOP 155 was purified to apparent nation, and refinement statistics are summarized in Tahomogeneity by pentamannosyl phosphate-agarose afble 1. The CD-MPR folds into a distinct, compact domain finity chromatography from the medium of baculovirusas shown in Figure 2B . Beginning with Glu-3, which is the infected Trichoplusia ni 5B1-4 (High Five) insect cells.
third residue in the mature protein, the electron density is Enzymatic deglycosylation of the purified protein demcontinuous through Ser-154, with the exception of the onstrated that it contained a single N-linked oligosacloop containing residues Val-38-Asp-43 (VGQSPD), which charide. In addition, amino acid sequence analysis demshows no observable electron density. Although the enonstrated that the 28-residue signal sequence was tire oligosaccharide chain of this glycosylated protein removed, as the N terminus (TEEKTXDLVGEK) was idenis not visible, a single N-acetylglucosamine residue, tical to that of the mature CD-MPR isolated from mamwhich is attached to Asn-81, is clearly discernable. malian cells (Stein et al., 1987 ; N. M. D., unpublished data).
The CD-MPR consists almost entirely of ␤ strands, bonding pattern was previously predicted for the CD-MPR based on amino acid alignments between the CD-MPR and each of the 15 repeating domains of the IGF-II/CI-MPR (Lobel et al., 1988) and on subsequent mutational studies (Wendland et al., 1991b) . The interactions between the two ␤ sheets of the CD-MPR are primarily hydrophobic in nature. The residues involved in association of the two ␤ sheets consist of (see Figure 6 ). These residues form a hydrophobic core that collapses the interior of the CD-MPR protein, thus making the overall structure very tight and compact.
Comparison of the CD-MPR to Other Known Protein Structures
In an attempt to identify other proteins that have a fold similar to the CD-MPR, two methods were used. First, the structures of all the known lectins, which are indexed at http://www.cermav.cnrs.fr/databank/lectine/, were compared one at a time to the CD-MPR coordinates using the program "FIT" (distributed from http://gamma. mbb.ki.se/‫ف‬guoguang/fit.html). The superimposed structures were then manually inspected to determine whether structural similarities exist. Second, the coordinates for the CD-MPR were submitted to the DALI server (http:// www2.ebi.ac.uk/dali/), which performs a three-dimen- CD-MPR, forming the flattened ␤ barrel structure, is also conserved. Both proteins bind to their ligand at a similar location in the structure. However, in comparison to the with only one ␣ helix located at the N-terminal region Man-6-P binding site in the CD-MPR, the biotin binding of the molecule (Figure 2 ). The ␤ strands form two ␤ site is positioned deeper within the avidin molecule. sheets that are positioned orthogonal to one another, Based on the similarities between the two structures, it giving rise to a flattened ␤ barrel arrangement. Following is intriguing to speculate that the CD-MPR utilizes the the N-terminal ␣ helix, the molecule contains a foursame polypeptide fold as avidin in order to facilitate stranded, antiparallel ␤ sheet, extending from Lys-32 high-affinity ligand binding. through Val-76. The molecule then extends through five more ␤ strands, forming the second ␤ sheet. The antiparallel strands are sequentially connected throughout the The CD-MPR Is a Dimer Crystals of the CD-MPR reveal the presence of two molecule, with the exception of the last two ␤ strands, which switch places in order to form a necessary disulmolecules of the CD-MPR per asymmetric unit. The spatial arrangement of these molecules is shown in Figure  fide bond. All six cysteine residues of the extracytoplasmic domain of the CD-MPR are involved in disulfide 4A. The rms deviation between the main-chain atoms of the two monomers is 0.10 Å , demonstrating that their bond formation. Since each of the three disulfide bonds (Cys-6-Cys-52, Cys-106-Cys-141, and Cys-119-Cysstructures are identical. In addition, both monomers show no observable electron density for residues 38-43, 153) are located within a ␤ sheet, they do not participate in connecting one ␤ sheet to the other. This disulfide suggesting that this region is very dynamic in the native (A and B) The CD-MPR structure (cyan ribbon) was overlapped with that of avidin (magenta ribbon; PDB accession code 1AVE) using
The Structure Reveals the Nature of Carbohydrate
DALI. The rms deviation between main-chain atoms (excluding vari-

Recognition by the CD-MPR
able loop regions) is 1.9 Å . The ligand-binding sites are located
The crystals of the CD-MPR were obtained in the prestopologically in similar positions on the two molecules (red ballence of Man-6-P and the divalent cation, Mn
ϩ2
. Both and-stick model for avidin; gold ball-and-stick model for Man-6-P).
|2Fo Ϫ Fc| and |Fo Ϫ Fc| difference Fourier maps yielded
The N and C termini of the CD-MPR are labeled, as are the N* and C* termini of avidin. The two views are oriented 180Њ to each other.
well-defined electron density ( Figure 5A ) located at the end of the ␤ barrel ( Figures 2B and 4A ). Each monomer is complexed with a single Man-6-P molecule (Figures structure. As is seen with the interactions between the 2B and 4A), which is consistent with previous Scatchard ␤ sheets of one monomer, the interactions between the analyses that determined a stoichiometry of ligand bindtwo monomers are primarily hydrophobic in nature (Fig- ing of one Man-6-P molecule per CD-MPR monomer ure 4B), including residues Val-9, Gly-10, Phe-86, Trp- and with the observation that 91,  a monomeric form of the receptor can bind ligand Phe-142, and Leu-144. The contact surface area be- . Residues found in loop tween the two monomers of the dimer is 1550 Å 2 per regions as well as in ␤ strands from both ␤ sheets are monomer, which is approximately 20% of the entire surinvolved in binding ligand (Figures 5B and 6) . Studies face area of one CD-MPR monomer (8231 Å 2 ). Since this which showed that a complete loss of binding activity is the most hydrophobic surface of the CD-MPR and, occurs following either the reduction of the CD-MPR in general, such a large hydrophobic surface would not with dithiothreitol (Li et al., 1990) or the replacement of be solvent exposed, this crystallographic dimer most each of the six Cys residues with Gly (Wendland et likely represents the functional form of the CD-MPR.
al., 1991b) have indicated the importance of disulfide These structural data support previous biochemical linkages in carbohydrate recognition. Analysis of the studies which indicate that the CD-MPR exists predomistructure confirms that disulfide bond formation is imnantly as a dimer in membranes Li et al., 1990; Punnonen et al., 1996) . portant in the stabilization and/or orientation of the loop involved in Man-6-P binding ( Figure 2B ). The disulfide Two residues that were previously mutated and shown to be important for Man-6-P recognition (Wendland et bond between Cys-106 and Cys-141 appears to be of particular importance, as it brings two loops (loop beal., 1991a), His-105 and Arg-111, are located within the ligand-binding site ( Figure 5B ). His-105 functions in tween ␤ strands 6 and 7, and loop between ␤ strands 8 and 9) together to form the Man-6-P binding cavity.
binding the negatively charged phosphate group of the The sequence alignment was generated using the BESTFIT algorithm (Genetics Computer Group program, University of Wisconsin-Madison). The output was modified such that gaps and insertions were placed in variable loop regions. The secondary structure of the CD-MPR is shown above the sequence. The arrows designate ␤ strands, and the wavy line represents the single ␣ helix. Residues involved in Man-6-P binding are shown in pink. The five potential N-glycosylation sites are shown in yellow. Cysteine residues are shown in green. Residues that are conserved are shaded in gray. The numbering is based on the mature CD-MPR sequence. The small circles above the letters indicate the residues of the CD-MPR that are involved in the association of the two ␤ sheets. The asterisk above E101 and N104 indicates that these residues participate in main-chain interactions with the Mn ϩ2 and Man-6-P, respectively. The red line between strands 1 and 2 represents the disordered loop region as shown in Figure 2B . The wild-type CD-MPR sequence is shown and therefore contains Asn residues at positions 31, 57, 68, 81, and 87. However, the construct that was used to determine the structure contained Gln at each of these positions, with the exception of position 81 where the Asn was retained.
ligand. Of the residues located in the binding site, Hisof Man-6-P to the CD-MPR does not require stacking interactions with aromatic side chains. 105 is the most likely candidate to confer the pH dependence that is observed in phosphomannosyl binding.
Tyr-45 is located at the beginning of strand 2, which is at the C-terminal end of the disordered loop region Arg-111 is hydrogen bonded to the C2 oxygen atom of the mannose ring and, although not in close proximity (Figure 2 ). In the structure, Tyr-45 shows very welldefined electron density and hydrogen bonds with the for hydrogen bonding interactions with the phosphate oxygens (about 4.1 Å away), may also provide a posi-C1-hydroxyl of Man-6-P. Since the endogenous ligands of the CD-MPR are glycoproteins containing terminal tively charged environment for the phosphate moiety of the ligand. The main-chain atoms of Asp-103, Asn-104, phosphomannosyl residues on high mannose-type oligosaccharide chains, this hydroxyl group would be inand His-105, a water molecule that is hydrogen bonded to the carboxylate of Asp-103, and a Mn ϩ2 complete the volved in a glycosidic linkage and thus would not be available for hydrogen bonding interactions. The locainteractions involved in binding the phosphate portion of the sugar.
tion of Tyr-45 in a flexible portion of the molecule suggests that Tyr-45 could move to accommodate a bound The CD-MPR was originally identified and purified based on its enhanced ligand binding ability in the presoligosaccharide chain. In the apoavidin structure, a loop containing residues 36-44 is disordered but becomes ence of divalent cations, particularly Mn ϩ2 Kornfeld, 1985a, 1985b) . Asp-103, which is located ordered upon binding biotin (Livnah et al., 1993) . This loop in the avidin structure is analogous to the loop within the loop containing His-105 between strands 6 and 7, coordinates the Mn ϩ2 cation. In addition, the carpreceding Tyr-45 of the CD-MPR (residues 38-43). Thus, this disordered loop in the CD-MPR may be flexible bonyl oxygen of Glu-101 and a guanidino nitrogen of Arg-111 coordinate the Mn ϩ2 cation. The divalent cation to allow ligand to bind, becoming ordered only in the presence of an oligosaccharide. The finding that elecin turn ligates one of the phosphate oxygen atoms of the Man-6-P ligand. In the absence of cations, it is predicted tron density is observed for all residues in this loop in the crystal structure of the CD-MPR complexed with that Asp-103 could directly interact and form hydrogen bonds with the phosphate oxygen atoms, although pentamannosyl phosphate supports this hypothesis (L. Olson, J. Zhang, N. M. D., and J.-J. P. K., unpublished charge interactions may interfere with ligand binding. These findings are consistent with previous biochemical data). Previous studies have indicated that oligosaccharides studies which show that binding of the CD-MPR to a phosphomannosyl affinity column is inhibited in the containing Man-6-P residues in phosphodiester linkage with either N-acetylglucosamine or a methyl group bind presence of EDTA (Hoflack and Kornfeld, 1985b) . In addition, equilibrium dialysis binding studies using the CDpoorly to the CD-MPR (Hoflack et al., 1987; Distler et al., 1991) . The configuration MPR purified from bovine liver demonstrated a 4-fold increase in affinity for pentamannosyl phosphate in the of the ligand-binding site of the CD-MPR is consistent with these biochemical studies. Approximately 65% of presence of MnCl 2 .
Residues involved in forming hydrogen bonds with the Man-6-P surface is buried by the receptor, and particularly, the phosphate moiety is quite concealed, leavthe hydroxyl groups of mannose include Arg-135 (C4 hydroxyl), Glu-133 (C3 and C4 hydroxyls), Tyr-143 (C3 ing no room in the structure to accommodate a phosphodiester. hydroxyl), Arg-111 (C2 hydroxyl), Gln-66 (C2 hydroxyl), and Tyr-45 (C1 hydroxyl). These residues, along with As shown in Figure 4A , the two carbohydrate binding sites of the CD-MPR dimer are spaced widely apart and Asp-103, Asn-104, and His-105, are conserved among bovine, human, and murine CD-MPRs (Kö ster et al., are oriented in the same direction. This parallel binding site arrangement is observed in several oligomeric lec-1991). In addition, site-directed mutagenesis studies have confirmed the essential nature of these residues tins, such as ricin, the mannose binding protein, and cholera toxin (Drickamer, 1995) . The linear distance befor Man-6-P binding: CD-MPRs containing a single amino acid substitution at position 66, 105, 111, 133, tween the two Man-6-P sites is approximately 40 Å , which is too great for a single high mannose-type oligo-135, or 143 exhibit a dramatic loss in the ability to bind to a pentamannosyl phosphate-agarose affinity column saccharide to span (a typical distance between the terminal mannose residues of a high mannose-type oligo- (Wendland et al., 1991a ; L. Olson and N. M. D., unpublished data). Inhibition studies using chemically synthesaccharide is ≈20 Å ). The structure is consistent with previous studies which showed that diphosphorylated sized oligomannosides or neoglycoproteins have demonstrated that the presence of the phosphomonoester oligosaccharides bound to the CD-MPR with an affinity similar to that of Man-6-P (K d ϭ 2 ϫ 10 Ϫ7 M versus 8 ϫ Man-6-P at a terminal position is the major determinant for ligand recognition and that linear mannose se-10 Ϫ6 M) . This is in contrast to that observed for the IGF-II/CIquences which contain a terminal Man-6-P linked ␣1,2 to the penultimate mannose are the most potent inhibi-MPR where a diphosphorylated oligosaccharide bound with an affinity similar to that of lysosomal enzymes tors (Distler et al., 1991) . Additional studies using sugar analogs of Man-6-P have shown that the phosphate (Kd ϭ 2 ϫ 10 Ϫ9 M versus 1 ϫ 10 Ϫ9 M). However, in these studies, the stoichiometry of binding was determined group and axial 2-hydroxyl moiety of Man-6-P are critical for ligand binding , which is to be 0.5 molecules of the diphosphorylated oligosaccharide per monomer of the CD-MPR, indicating that a reflected in the number of interactions these moieties have with the protein ( Figure 5B ). In contrast to that single oligosaccharide can span the two binding sites of the dimer. One possible explanation may relate to observed for many of the mannose/glucose-specific binding lectins (Weis and Drickamer, 1996) , the binding the oligomeric state of the CD-MPR during the binding studies. Chemical cross-linking studies have indicated moiety. These observations are consistent with previous binding studies, which show that the IGF-II/CI-MPR can that the CD-MPR exists as dimers and tetramers in detergent solution (Li et al., 1990; Waheed et al., 1990 ; Ma bind oligosaccharides bearing phosphodiesters, containing either a methyl group or N-acetylglucosamine, et al., 1992) . Several studies (Li et al., 1990; Waheed et al., 1990) have shown that increasing the receptor prowhile the CD-MPR cannot (Hoflack et al., 1987; Distler et al., 1991) . Neither domain tein concentration in detergent solutions results in the formation of increasing amounts of tetramers, with a 3 nor domain 9 contains a residue analogous to Asp-103, which coordinates the divalent cation and thus may receptor concentration of 19 M yielding a high percentage (68%) of tetrameric species (Waheed et al., 1990) .
explain why only the CD-MPR exhibits enhanced binding in the presence of divalent cations. Confirmation of Therefore, the high concentrations of detergent-solubilized receptor used in the binding studies by Tong and the above models will have to await the structure of the IGF-II/CI-MPR. Kornfeld may have resulted in a high percentage of the CD-MPR existing as a tetramer. It is possible that as a tetramer, two carbohydrate binding sites are situated
Hypothetical Complex between the CD-MPR and ␤-Glucuronidase within the appropriate distance for a single diphosphorylated oligosaccharide to span. Another possible explaIn order to understand further the mechanism of ligand recognition by the CD-MPR, we have modeled the internation for this discrepancy is that a conformational change occurs upon binding an oligosaccharide, bringaction of the CD-MPR with a lysosomal enzyme, ␤-glucuronidase (Protein Data Bank accession code 1BHG; ing the two binding sites of the dimer in close proximity to each other. However, for this to occur, the conformaJain et al. , 1996) . In this model, we have oriented the CD-MPR with respect to the membrane such that the tional change would have to be quite dramatic and thus represents a less likely mechanism.
carbohydrate binding sites are situated at a distance from the membrane. Since the C-terminal Ser residue at position 154 is only five residues from the predicted Structure-Based Sequence Alignment of Domain 3 transmembrane portion of the CD-MPR, it is likely that and Domain 9 of the IGF-II/CI-MPR the two C termini of the dimer are in close proximity to The extracytoplasmic region of the CD-MPR shares sethe lipid bilayer. ␤-glucuronidase is a homotetrameric quence similarities (ranging from 14%-28% sequence glycoprotein that has been shown to bind with high identity) with each of the 15 repeating domains of the affinity to the CD-MPR (Kd ϭ 0.28 nM, Watanabe et al., IGF-II/CI-MPR (Lobel et al., 1988) . Of the 15 repeating 1990; K d ϭ 4.4-5.1 nM, Ma et al., 1991) . Each monomer domains of the IGF-II/CI-MPR, only domains 3 and 9 of the human enzyme contains 651 residues, and all four have been shown to be essential for binding Man-6-P of the potential N-linked glycosylation sites are glyco- (Dahms et al., 1993) . Therefore, we proceeded to model sylated. However, only a single oligosaccharide chain, domains 3 and 9, using the structure of the CD-MPR as which is attached to Asn-173, is discernable in the crysa template, in order to gain insight into the mechanism tal structure. Therefore, docking was performed by overof carbohydrate recognition by the IGF-II/CI-MPR. A lapping the terminal sugar of the oligosaccharide at structure-based sequence alignment was generated beposition 173 in the ␤-glucuronidase structure with the tween the CD-MPR and domains 3 and 9 of the IGF-II/ Man-6-P of the CD-MPR structure (Figure 7) . It is clear CI-MPR by maintaining the positions of the cysteine that the binding sites of the dimeric CD-MPR will readily residues involved in disulfide bond formation and placaccommodate the two oligosaccharide chains posiing gaps and insertions within the variable loop regions tioned on separate polypeptides chains of this tetra- (Figure 6 ). Nonpolar residues involved in the association meric enzyme, but not a single diphosphorylated oligoof the two ␤ sheets in the CD-MPR (Figure 2 ) are also saccharide. Although the oligosaccharide at position conserved in domains 3 and 9 (Figure 6 ), supporting 173 may not be preferentially bound by the CD-MPR the hypothesis that these domains of the IGF-II/CI-MPR due to its relatively poor phosphorylation state in comform a similar polypeptide fold.
parison to the oligosaccharides at the other three glycoFrom the alignment, it is apparent that the loop regions sylation sites (Shipley et al., 1993) , the model does show in the vicinity of the carbohydrate binding site are altered how the CD-MPR could recognize two oligosaccharides in the IGF-II/CI-MPR. In domain 3 and domain 9, several located on different polypeptide chains of an oligomeric of the residues that are responsible for ligand binding ligand and predicts that a similar type of mechanism in the CD-MPR remain in place, including Tyr-45 (CDcould occur for phosphorylated oligosaccharides lo-MPR numbering), Gln-66, Arg-111, and Tyr-143. Howcated on the same polypeptide. This model is consistent ever, interactions with Glu-133 and Arg-135 have both with recent studies which showed that the CD-MPR been lost since these residues have been changed to exhibits a higher affinity toward oligosaccharides with Thr and Glu, respectively, in domain 3, and Leu and Glu, one phosphomonoester while the IGF-II/CI-MPR preferrespectively, in domain 9 (Figure 6 ). Perhaps the largest entially binds oligosaccharides containing two phosdifference between the ligand-binding sites exists in phomonoesters (Munier-Lehmann et al., 1996b) . Thus, the loop containing residues 103-108. This loop, which the differences in affinities exhibited by the CD-MPR connects strands 6 and 7 and is primarily responsible toward different lysosomal enzymes (Sleat and Lobel, for binding and concealing the phosphate moiety of 1997) are likely to be due to the combined effects of the Man-6-P in the CD-MPR, is shorter by four residues location and number of phosphomannosyl residues on (YDNH) in both domain 3 and domain 9 (Figure 6 ) and the oligosaccharide and the spatial orientation of these sugar chains on the lysosomal enzyme molecule. is predicted to result in the exposure of the phosphate Brzycki-Wessell, 1995) . Trichoplusia ni 5B1-4 (High Five) insect cells were cultured in Express Five serum free medium (Life Technologies, Inc.) and maintained at 27ЊC. High Five cells in monolayer cultures were infected with the recombinant virus at a multiplicity of infection of 5-10 and the medium was harvested 4-5 days postinfection. Asn-81/STOP 155 protein was purified from the medium to apparent homogeneity by pentamannosyl phosphate-agarose affinity chromatography as described previously (Dahms et al., 1993) .
Crystallization and Data Collection
The purified CD-MPR was dialyzed against buffer (150 mM NaCl, 10 mM MnCl2, 5 mM ␤ glycerophosphate, and 10 mM Man-6-P in 50 mM imidazole [pH 6.5] ) and concentrated to a final protein concentration of 8.8 mg/ml. Initial crystallization was performed by vapor diffusion using the hanging drop technique (McPherson, 1982) following the sparse matrix protocol (Carter and Carter, 1979) . From the initial screening, four similar conditions resulted in crystal formation, with crystals ranging from needles to thin plates to thick rods. Modification of the initial conditions yielded diffraction quality crystals with dimensions of 0.2 mm ϫ 0.2 mm ϫ 0.8 mm. The final crystallization condition was obtained by mixing equal volumes of the concentrated protein (8.8 mg/ml in protein buffer) with precipitating solution (0.20 M ammonium acetate and 25% polyethyleneglycol 4000 in 0.10 M cacodylate buffer [pH 6.6]) and equilibrating against precipitating solution using the sitting drop vapor diffusion technique at 19ЊC.
A single crystal was mounted in a thin-walled glass capillary tube, and diffraction data were collected to 2.6 Å resolution at 4ЊC on an Figure 4A . The tetrameric ␤-glucuronidase 1968) . Systematic absences at h ϭ odd for the h00 (k ϭ odd for the protein is shown. The oligosaccharide attached to Asn-173 is also 0k0) reflections and at l ϶ 4n for the 00l reflections indicate that the shown (gold ball-and-stick model). The model was generated by CD-MPR crystals belong to either P4 1 2 1 2 or P4 3 2 1 2. One complete overlapping the terminal mannose residue of the ␤-glucuronidase native data set was collected to 1.8 Å resolution, and the statistics oligosaccharide with the CD-MPR Man-6-P substrate. The location of the collected data are shown in Table 1 . The diffraction data were of the membrane is also indicated (gray spheres).
processed with the DENZO package (Otowinski and Minor, 1996) .
Structure Determination and Refinement
In summary, the structure of the extracytoplasmic do-
The crystal structure of the CD-MPR was solved using multiple main of the CD-MPR reveals the mechanism of carbohy- is there any cooperativity between the IGF-II and carbohandedness for each space group using the Pt anomalous data. By hydrate binding sites of this receptor? Additional biocomparing the quality of these maps, the space group was deterchemical, biophysical, and structural studies will be remined to be P43212. Phasing statistics are given in Table 1 . At this quired to answer these and other questions at the stage, the overall figure of merit was 0.561 for 11,267 reflections. molecular level.
Initial electron density maps were calculated using data between 30 and 3.0 Å resolution, and the solvent flattening procedure (Wang, 1985) was used to improve the multiple isomorphous replacement Experimental Procedures phases. At this time, it was possible to locate the two molecules of the CD-MPR within the asymmetric unit and thus determine the Expression and Purification of Recombinant CD-MPR A glycosylation-deficient form of the bovine CD-MPR containing position of the noncrystallographic 2-fold axis. Further density modification was carried out using noncrystallographic symmetry averthe signal sequence and extracytoplasmic domain (Asn-81/STOP 155 , Figure 1 ) was generated as described previously (Zhang and Dahms, aging as implemented in the PHASES package. An initial model was constructed using the molecular graphics program TURBO-FRODO 1993) . The nonfusion AcNPV transfer vector pVL1393 (PharMingen) encoding the Asn-81/STOP 155 construct (2 g) and modified AcNPV (Roussel and Cambillau, 1994) . At this stage, a polyalanine model was unambiguously constructed for the entire polypeptide chain, baculovirus DNA (0.5 g, BaculoGoldR DNA, PharMingen) were cotransfected into the Spodoptera frugiperda (Sf9) insect cell line, and including the assignment of over 60% of the amino acid residues. Approximately 135 of the 154 total residues were built into the initial recombinant virus was isolated as described previously (Dahms and model of the CD-MPR protein. Electron density maps were then Furey, W., and Swaminathan, S. (1997) . PHASES-95: a program package for the processing and analysis of diffraction data from generated by combining the multiple isomorphous replacement phases and those of the model according to the SIGMAA algorithm macromolecules. In Macromolecular Crystallography Methods in Enzymology, C. Carter and R. Sweet, eds. (Orlando, FL: Academic (Read, 1986) . Phase combination allowed for the completion of the chain tracing, along with identification of the remaining amino acid Press). residues and also identified that an incorrect tracing had been made Hoflack, B., and Kornfeld, S. (1985a) . Lysosomal enzyme binding to through a disulfide bond. Correction of this tracing made it possible mouse P388D1 macrophage membranes lacking the 215-kDa manto complete the model building of the CD-MPR, including the total nose 6-phosphate receptor: evidence for the existence of a second assignment of all the amino acid residues. The connectivity was mannose 6-phosphate receptor. Proc. Natl. Acad. Sci. USA 82, confirmed using simulated annealing omit maps. Refinement of the 4428-4432. structure was carried out using iterative cycles of X-PLOR energy Hoflack, B., and Kornfeld, S. (1985b) . Purification and characterizaminimization (Brü nger, 1992) followed by manual fitting and rebuildtion of a cation-dependent mannose 6-phosphate receptor from ing on a Silicon Graphics workstation using TURBO-FRODO graphmurine P388D1 macrophages and bovine liver. J. Biol. Chem. 260, ics software. The two monomers in the asymmetric unit were refined 12008-12014. using noncrystallographic symmetry (NCS) restraints until the R facHoflack, B., Fujimoto, K., and Kornfeld, S. (1987) . The interaction tor was approximately 28%, at which stage the NCS restraints were of phosphorylated oligosaccharides and lysosomal enzymes with totally released. Ramachandran plot analysis indicates that over bovine liver cation-dependent mannose 6-phosphate receptor. J. 85% of the residues reside in the most favored regions while none Biol. Chem. 262, 123-129. are observed in disallowed regions.
Holm, L., and Sander, C. (1993). Protein structure comparison by After each cycle of X-PLOR refinement, both |2F o Ϫ F c | and |F o Ϫ alignment of distance matrices. J. Mol. Biol. 233, 123-138. F c | difference Fourier maps were calculated. These maps were then used to carry out manual fitting and rebuilding of the model. At Jain, S., Drendel, W.B., Chen, Z.-W., Mathews, F.S., Sly, W.S., and later stages of refinement, water molecules were assigned when Grubb, J.H. (1996) . Structure of human ␤-glucuronidase reveals candensities greater than 3 were observed in the |F o| Ϫ |Fc| electron didate lysosomal targeting and active-site motifs. Nat. Struct. Biol. density map, which were within at least 3.3 Å of a potential hydrogen-3, 375-381. bonding partner. Kornfeld, S. (1992) . Structure and function of the mannose 6-phosphate/insulinlike growth factor II receptors. Annu. Rev. Biochem.
